Deciding whether chest pain is of cardiac origin is sometimes one of the most difficult problems confronting the cardiologist. Although the electrocardiogram is generally abnormal following prolonged cardiac pain, it affords no help in over 50 per cent of cases of angina of effort (Wade and Morgan Jones, 1951) , while the more rigorous methods of electrocardiographic investigation such as the two-step exercise test (Master, 1935) or the anoxemia test (Levy et al., 1940) , which depend upon the production of acute myocardial ischaemia, are not entirely free from risk.
A new approach to this problem was made by Starr and Wood (1943) who applied the ballistocardiograph to the study of 55 cases of acute infarction or chronic angina pectoris. This instrument, which measures some of the forces transmitted to the body by cardiac contraction, had first been utilized by Henderson in 1905 and again by Abrahamson in 1933 , but its fuller development is due to the work of Starr and his co-workers (Starr et al., 1939) .
Within recent years several papers have been published, mainly in America, concerning the use of the ballistocardiograph in the study of coronary arterial disease and most workers have concluded that it is a useful diagnostic aid. It has not, however, been exploited by cardiologists on this side of the Atlantic and apart from the paper of Jacobs (1954) no parallel studies have been reported in Great Britain. It is the purpose of this paper to report the results of a ballistocardiographic survey of 197 patients considered to be suffering from coronary vascular disease; to evaluate the ballistocardiograph as a diagnostic aid in this condition, and to contrast it with the electrocardiograph. Another 38 patients of corresponding age group but presumably free from cardiovascular disease have also been examined.
MATERIAL AND METHODS
The material consisted of 235 patients attending the University Department of Cardiology at the Royal Infirmary, Manchester, during 1952 Manchester, during , 1953 Manchester, during , and 1954 . Thirty-eight were considered to be free from cardiovascular disease: the remaining 197 were selected because they complained of chest pain having the typical features of cardiac pain in accordance with the criteria set out by Wade and Morgan Jones (1951) . Clinical myocardial infarction was considered to have occurred if cardiac pain had at some time persisted for more than one hour, for detailed histological examination of the myocardium has usually revealed infarction if cardiac pain has persisted for more than thirty minutes (Snow, 1955) . Cases of valvular disease were excluded. The patients were divided clinically into three groups.
(1) Pure angina of effort.
(2) Angina of effort complicated by clinical myocardial infarction.
(3) Clinical myocardial infarction without angina of effort.
In addition to the usual clinical examination, all patients were screened and an electrocardiogram comprising standard leads, augmented unipolar limb leads, and six chest leads in the positions one to six (Starr et al., 1953) . It is generally accepted that the major waves I, J, and K are produced by the recoil of ventricular ejection, impact in the arch of the aorta and the pulmonary artery together with recoil from acceleration down the descending aorta, and impact in the iliac and femoral arteries respectively (Starr et al., 1939; Hamilton et al., 1945; Starr et al., 1950) . The genesis of the remaining major wave H, is less certain. It is related in time to the fourth component of the first heart sound , and therefore to the onset of isometric contraction (Starr and Wood, 1943; Tannenbaum et al., 1952; Tannenbaum et al., 1954) . It may well be affected by movements of blood within the ventricles at this stage of the cycle. The minor waves L, M, and N are related to diastolic events and are of less importance. There is a phasic variation in the amplitude of the complexes during the respiratory cycle due to changes in venous return, the complexes being larger in inspiration ( Fig. 2A) .
The ballistocardiogram may be affected quantitatively by a general slowing of the rate of cardiac ejection, a shift ofthe cardiac ejection curve to the "right", for it has been conclusively demonstrated that the event most closely concerned with the genesis of the ballistocardiogram is the rate at which the ventricles can accelerate their contents (Starr et al., 1950) . Cadaver experiments showed that the ballistocardiogram consists of the algebraic sum of two curves, one derived from ventricular discharge and the other from events happening in the aorta and to a lesser extent in the pulmonary artery (Starr et al., 1950) . It is therefore a measure of cardiac " force ", and Starr and Schnabel (1954) (1954) found that in hypertension a diminution in the amplitude of the major waves in the head/foot direction was accompanied by a reciprocal increase in the lateral plane; this was not so in the abnormal records of infarction. Tannenbaum et al (1954) using a three-plane spatial vector-ballistocardiogram, also concluded that the amplitude of H, t, and J could be influenced by the anatomical position of the heart. For these reasons we have not used equations of the type devised by Starr et al. (1950) and Starr and Schnabel (1954) Starr and Wood (1943) . They identified three main types of abnormal complex, the " early M " type, the " late M " type, and the " early downstroke " type. The early M complex ( Fig. I1B ) is due to exaggeration of H together with a small I and low J waves. In the late M complex J is split and K almost absent while in the late downstroke type J is absent and K is delayed and deep ( Fig. IC and ID) . The nature of the deformation of the ejection curve responsible for these complexes has been extensively investigated in cadaver experiments (Starr et al., 1950) . In the more severe disease states the complexes may become virtually unrecognizable. Abnormal complexes tend to appear first in the expiratory phase. The reasons for this are uncertain but variations in venous return may be important. That improved ventricular filling may be responsible for producing a normal complex in an otherwise abnormal record is well shown in Fig. 3 in which the only normal complexes were those following the compensatory pause after an extrasystole. Any system must therefore take into account the proportion of abnormal complexes in the record.
To meet these various requirements we have therefore used the following classification. A ballistocardiogram was regarded as abnormal if any of the three types of abnormal complex described by Starr and Wood (1943) were present in the strip of recording. It was then sub-divided into grades of abnormality as follows.
Grade I. Abnormal complexes in expiration only.
Grade II.
All complexes abnormal but definable and repeatable.
Grade III. Bizarre records in which repeatability is lost or in which the complexes can only be defined with the aid of the timing electrocardiogram.
Typical examples of each of these three grades are illustrated in Fig. 2 B, C, and D.
RESULTS
Cases of Coronary Arterial Disease. The results in the various clinical groups are given in Tables I, II , and III. The ballistocardiographic is more constant than the electrocardiographic pattern, the major B.C.G. difference between the three clinical groups being the higher proportion of Grade III records amongst the cases of myocardial infarction. Grade III records tend to be found more often shortly after infarction (Table IV) and it was observed that in 13 cases in which a ballistocardiogram was recorded within three months of infarction and repeated after a further three to six months, three of the four initial Grade III records had improved to Grade II or Grade 1. (22-6%) (38-7%) (306%) (8-1%)
Case Report (221). A man of 48 experienced an attack of severe crushing retrosternal pain lasting several hours; his doctor reported that he was shocked. Three days later there were no abnormal findings, the electrocardiogram was within normal limits but the ballistocardiogram was Grade III. Six months later he had made a complete recovery and the ballistocardiogram had improved to Grade I (Fig. 4) .
There tend to be more abnormal ballistocardiograms in the older age groups and this is well shown in the total figures (Table V) . There is only one normal ballistocardiogram in the 45 patients over 60 years of age but no corresponding increased frequency of abnormalities in the electrocardiogram pattern. Case Report (23). A man of 66 had experienced typical angina of effort for six months. A month previously he had had an attack of pain at rest lasting two hours. On examination there were no abnormal findings, the electrocardiogram showed anteroseptal ischxmia but the ballistocardiogram was within normal limits. One year later he was unchanged; an electrocardiogram was now within normal limits but the ballistocardiogram was abnormal.
Case Report (26) . A man of 39 had suffered from typical angina of effort for four months. On examination there were no abnormal findings. The electrocardiogram was normal but the ballistocardiogram was Grade II. Three months later he had a clinical infarction. A year later his exercise tolerance was the same as when first seen; the electrocardiogram now showed a posterior infarct but the ballistocardiogram was still Grade II (Fig. 5) .
The lack of close relation between the electrocardiographic and ballistocardiographic patterns is brought out in results are very similar in the differing electrocardiographic groups. As already noted, there is a higher proportion of Grade III records in the infarction group possibly explicable in part by the time relation to the infarction. Approximately the same ballistocardiographic results were found in those cases complicated by systemic hypertension despite the very different electrocardiographic pattern (Table VII) . There appeared to be a general, but not very close, relation between the grade of the ballistocardiogram and the severity of the symptoms. Thus on review in six to twelve months after the first record, over 50 per cent of the patients had not changed clinically irrespective (Table VIII) . Approximately one-fifth of all patients had a normal ballistocardiogram. Although most usually found in patients relatively fit, an almost normal ballistocardiogram was occasionally recorded despite severe disability.
Case Report (252). A man of 52 had suffered from severe angina of effort and high blood pressure for over five years. Six months previously he had an electrocardiographically proven myocardial infarct. He was admitted to hospital in left ventricular failure with gallop rhythm and crepitations at both lung bases. The blood pressure was 185/140 mm. Hg. The electrocardiogram showed evidence of both posterior and anterior infarction but apart from an unusually large diastolic wave and rather high voltage H waves, the ballistocardiogram was within normal limits. He made an excellent recovery from the episode of left ventricular failure and his subsequent course will be watched with interest (Fig. 6) .
Fourteen patients had both normal electrocardiograms and ballistocardiograms. Five were found to be symptom-free a year later and both records were still normal in four (in one the ballistocardiogram was inadvertently omitted): Two patients had deteriorated symptomatically but both records remained normal. One patient was unchanged but the ballistocardiogram was now Grade I abnormal. The other six patients have not been seen again.
Controls. Of the 38 controls, the ballistocardiogram was normal in 37 and Grade I in one. Seventeen of these patients were under fifty and 21 between fifty and fifty-nine.
DIsCUSSION
The ballistocardiogram and the electrocardiogram measure entirely different aspects of cardiac function, neither being specifically related to disease of the coronary arteries. The difference in the electrocardiographic and ballistocardiographic findings in the various clinical groups is an expression of this fact. The relation between the two methods of investigation has been dramatically described by Starr. In analogy to a motor engine he said the electrocardiogram may be This concept of the ballistocardiogram as a measure of the strength of contraction offers an acceptable explanation for the fairly constant results in the various groups for it is reasonable to expect contractile power to depend as much upon the general state of the myocardium as upon the occurrence of specific infarction. The higher incidence of very abnormal records in the immediate postinfarction period suggests that infarction may initiate a long period of myocardial dysfunction and offers a further reason for gradual convalescence of patients with this condition. It might be anticipated that the ballistocardiogram would be more closely related to the severity of the disease state than the electrocardiogram and the results in the different groups tend to support this concept. It is possible, as Starr (1952) has suggested, that the ballistocardiogram may prove to have some prognostic value, but more follow-up studies are required to clarify this point.
The overall results, which show that approximately 80 per cent of patients with coronary arterial disease have an abnormal ballistocardiogram, correspond with the results reported by other workers (Chensky et al., 1951; Moser et al., 1952; Scarborough et al., 1952; Jacob, 1954) . Chesky et al. and Scarborough et al. also divided their patients according to whether there had been infarction or not and found similar ballistocardiographic results in the two groups. Brown et al. (1950) reported abnormal ballistocardiograms in all 27 cases of typical angina pectoris irrespective of the 75 group.bmj.com on October 30, 2017 -Published by http://heart.bmj.com/ Downloaded from WADE, FULTON, AND MACKINNON electrocardiogram but the relation to infarction was not specifically stated. All these authors concluded that the ballistocardiogram was a useful diagnostic aid.
The higher proportion of abnormal ballistocardiograms in the older age groups has also been commented on by Pordy et al. (1951) , Scarborough et al. (1952) and Starr and Mayock (1948) . Scarborough et al. (1952) concluded that the increase was simply related to age and paralleled the changes found in normal subjects: they suggested that an abnormal ballistocardiogram had little or no significance in patients over 60 years of age. Starr and Mayock (1948) found an increasing proportion of abnormal records in presumptively normal men up to the age group 50-59; in that decade it reached 25 per cent, remaining constant thereafter: they felt that the group studied was in fact selected and biased in favour of heart disease. In a careful follow-up study of 80 healthy adults over ten to fifteen years, Starr and Hildreth (1952) did not observe any qualitative change in the ballistocardiogram with advancing years; there was a general diminution in the amplitude of I-J; compared with young adults there was an average decrease of 30 per cent over the age of forty, of 40 per cent over fifty, and of 49 per cent over sixty. They concluded that this was merely an expression of the fact that the ageing heart " lifts its load more slowly ". We lack adequate controls over the age of sixty, but our results in normal subjects in the sixth decade suggests that Starr and Hildreth's view is correct. Scarborough et al. do not give their ballistocardiographic criteria so that detailed comparison is impossible, but it appears likely that they were regarding this physiological diminution in the size of the complexes with advancing age as abnormal. Jacobs (1954) has suggested that peripheral arteriosclerosis may be as important as coronary artery disease in the production of abnormal graphs. Three of our controls had what was considered to be an excessive degree of generalized atherosclerosis, but all had normal ballistocardiograms. Starr and Mayock (1948) believe that when qualitative changes are presenlt it is probable that the coronary circulation is diseased although the subject may appear to be in good health, an opinion also put forward by Brown et al. (1950) with which we are inclined to concur.
In cases of systemic hypertension the diminished likelihood of finding unequivocal electrocardiographic evidence of infarction renders the ballistocardiogram particularly useful in the elucidation of the nature of chest pain. Abnormal ballistocardiograms were found just as often amongst the group with normal, non-specific or left ventricular electrocardiograms as those with definite evidence of ischamia or infarction. The finding of a normal ballistocardiogram in 11 cases and in all four of the control group with diastolic blood pressures over 105 mm. Hg excludes the possibility that qualitative changes may be produced solely by the high peripheral resistance.
It is concluded that the ballistocardiogram is a useful diagnostic aid in cases of suspected coronary arterial disease. It is, however, dependent upon cardiac force and, in the way we have used it, is an indirect measure of the form of the cardiac ejection curve. It must be stressed that abnormalities of cardiac ejection may only be ascribed to coronary disease if other causes have been excluded. Although it appears to be a somewhat more sensitive index of coronary disease than the electrocardiogram, a normal ballistocardiogram does not exclude coronary disease. It will never supplant the electrocardiogram for it measures a different aspect of cardiac function, but even in the present early stage of its development it is a valuable complementary investigation. Of our patients with undoubted coronary disease 37 per cent had a normal electrocardiogram and 19 per cent had a normal ballistocardiogram: only 7 per cent had both a normal electrocardiogram and ballistocardiogram. It is of especial value in cases of cardiac pain confined to effort and in cases complicated by systemic hypertension. It has the additional merits of being perfectly safe, easily performed, and applicable to seriously ill patients. SUMMARY The results of ballistocardiographic studies in 197 cases of clinical coronary arterial disease and 38 presumptively normal controls are reported and contrasted with the clinical and electrocardiographic data. A high-frequency undamped ballistocardiograph of the Starr type was used.
